Electronic structure of Ini^Mn^As studied by photoemission spectroscopy: 

Comparison with Gai _ x Mn a .As 
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We have investigated the electronic structure of the p-type diluted magnetic semiconductor 
Ini-zMnz As by photoemission spectroscopy. The Mn 3d partial density of states is found to be 
basically similar to that of Gai-^Mn^As. However, the impurity-band like states near the top 
of the valence band have not been observed by angle-resolved photoemission spectroscopy unlike 
Gai-ajMn^ As. This difference would explain the difference in transport, magnetic and optical prop- 
erties of Ini-^Mn^As and Gai-zMn^As. The different electronic structures are attributed to the 
weaker Mn 3d - As 4p hybridization in Ini-xMn^As than in Gai-^Mn^As. 
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Diluted magnetic semiconductors (DMS) have at- 
tracted much attention because of the combination of 
magnetic and semiconducting properties and hence high 
potential for new device applications. Recently DMS 
based on III-V compounds have been extensively stud- 
ied because of the success in doping high concentra- 
tions of transition-metal ions by molecular beam epi- 
taxy (MBE). El Most remarkably, Mn doping in InAs and 
GaAs leads to ferroiaacnetism and interesting magneto- 
transport properties n u This behavior is generally called 
"carrier-induced ferromagnetism" because hole carriers 
introduced into the system mediate the ferromagnetic 
coupling between the Mn ionsO although its microscopic 
mechanism has been controversial until now. The key to 
clarify the mechanism of the carrier-induced ferromag- 
netism is to understand the nature of the doped hole 
carriers as well as the exchange interaction between the 
holes in host valence band and the localized d orbitals 
of the magnetic ions, so-called p-d exchange interaction. 
For Gai-^Mn^Asj-previous investigations including pho- 
toemission studiesQu have revealed that the basically lo- 
calized Mn 3d electrons interact with the doped holes 
through the p-d hybridization which causes the p-d ex- 
change interaction. □ 

As for the closely related system Ini_ Jj/m^AsS, there 
are several differences from Gai-xMiij As.LJ (1) The Curie 
temperature is relatively low: T c <45 K. (2) Optical ab- 
sorption measurements have indicated that Ini-^Mn^As 
shows a Drude-like behavior due to free carriers For 
Gai^^Mn^As, on the other hand, a broad peak was ob- 
served aroruad 200 meV and there was no clear Drude 
components So far, no photoemission study has been 
reported for Ini-^Mn^As. Comparative studies of 
Gai-^Mn^As and Ini-^Mn^As would provide us with 
useful information to elucidate the origin of the ferro- 
magnetism in these systems. The electronic structure of 



Ini-zMn^As itself is also interesting because it has been 
reported that Ini-^Mn^As grown on GaSb substrate 
exhibits photo-carrier induced_ierromagnetism,t3'[Lil and 
field-induced ferromagnetismJlj Investigation of the elec- 
tronic structure, especially of the hybridization and the 
exchange interaction between the host valence band and 
the localized magnetic ions, as well as the magnetic cou- 
pling between the magnetic ions, would give us a useful 
guideline for further development in functional materials 
design. Although several theoretical models have been 
discussedlifjllj, there are few experimental investigations 
to clarify the electronic structure and the mechanism of 
carrier-induced ferromagnetism. The purpose of this pa- 
per is to clarify the electronic structure of Ini-^Mn^As 
by resonant photoemission spectroscopy (RPES), which 
yields the Mn 3d partial density of states (DOS), and 
by angle-resolved photoemission spectroscopy (ARPES), 
which measures the energy-band dispersions. We 
pare the present results with those of Gai_ a Mn x As.l 



A p-type Ini-aMn^As/ 
ness was grown by MBE. 



pb sample of 30 nm thick- 
I The sample had a Curie 
temperature of 35 K and the Mn content was estimated 
to be £=0.09 based on the calibration of beam fluxes 
during MBE growth. Experiments were performed at 
beamline BL 18-A of Photon Factory, High Energy Ac- 
celerator Research Organization, using an ADES-500 an- 
alyzer for ARPES and a CLAM-II analyzer for angle- 
integrated RPES. The total energy resolution was set 
to 100 meV, comparable to the thermal broadening at 
the room temperature where all experiments were car- 
ried out. The angular resolution of the ADES-500 and 
CLAM-II analyzers were ±1°, ±4°, respectively. To re- 
move oxidized surface layers and other contamination, 
we made repeated Ar-ion sputtering (1 kV) and anneal- 
ing. The annealing temperature was limited to 200° C 
to avoid the segregation of MnAs clusters .1—1 The cleaned 
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surface showed a lxl LEED pattern. We checked the 
chemical composition of the sample by measuring x-ray 
photoemission spectra of In, As, and Mn core levels. For 
angle-integrated RPES in the Mn 3p to 3d absorption 
region, photons of hv = 46 — 55 eV were used. In the 
case of ARPES, electrons emitted in the direction nor- 
mal to the surface, which come from the r — A — X line 
in the Brillouin zone, were collected. We compared the 
Ini-^Mn^As spectra with those of the reference p-type 
In As. The identical procedure of surface cleaning was 
performed also for the InAs sample. Binding energies are 
referenced to the Fermi edge of Ta spectra in electrical 
contact with the sample. 

Figure 1 shows RPES spectra recorded using pho- 
ton energies of hv=A6 — 55 eV. The spectra have been 
normalized to the photon flux. Resonant enhance- 
ment occurred at hv=bQ eV and off-resonance spectra 
were taken at hv=A8 eV. The difference between the 
two curves yields the,-Mn 3d-derived spectra as in the 
case of Gai_ x Mn x As.Q The difference spectrum shows 
a sharp peak at ~4 eV binding energy as well as a 
broad peak at ~7 eV binding energy. There is lit- 
tle intensity at the Fermi level (Ep). Such a spectral 
line shape is almost identical to that of Gai_ x Mn x As, 
which has been interpreted in terms of configuration- 
interaction cluster- model calculations. From that anal- 
ysis, the ground state has-been found to be dominated 
by the 3d 5 configuration. Q These spectra also indicate 
strong hybridization between the Mn 3c? electrons and 
the As 4p-derived valence band. 

As shown at the bottom of Fig. 1, we compare the 
experimental Mn 3d partial DOS of Ini_ x Mn x As with 
configuration-interaction cluster-model calculations. For 
comparison, we also show the result for Gai-^Mn^As. 
The parameters for the cluster-model calculations are 
the charge-transfer energy A from the ligand p level 
to the transition-metal d level, the on-site Coulomb en- 
ergy U between two Mn 3d electrons, and the hybridiza- 
tion strength (pda) between the ligand p orbital and the 
transition-metal d orbitals defined by Slater-Koster pa- 
rameters. The details of the calculations are given in Rcf. 
|2l| . The Mn 3d-derived spectrum has been reproduced 
using parameters with a smaller (pda) value compared 
to that for Gai-^Mn^As as summarized in Table I. Ac- 
cording to the cluster-model calculations, the ~2 eV fea- 
ture predominantly consists of d 5 L final states, while the 
satellite structure comes from the d 4 final-state configu- 
ration because E(d 4 ) - E(d 5 L)~U - A > 0. Using the 
above parameters, we have estimated the p-d exchange 
interaction in Ini_ x Mn x As to be N(3 — —0.7 eV. This 
value, is smaller than that of Gai_ x Mn x As (N(3 = —1.0 
eV)B The deppressed intensity at Ep in the difference 
spectrum compared to the valence-band intensity at Ep 
for various photon energies both for Ini„ 2; Mn 2 ;As and 
Gai-a-Mn^As indicates that the Mn 3d DOS are not 
dominant at Ep and suggests that hole carriers of As 
Ap character contribute to the transport. 

The difference spectrum between ±ni_ x Mn x As and 



pure InAs taken at hv — 70 eV has also been used 
to obtain the Mn 3d partial DOS as shown in Fig. 2. 
The spectra have been normalized to the In Ad core-level 
peaks taking into account the composition difference be- 
tween In and Mn. Because of the Cooper minimum of 
the As Ap states at hv~70 eV, the ionization cross section 
of As Ap reaches a minimum, and the Mn 3d component 
is relatively enhanced B3 The lineshape of the difference 
spectrum is almost the same as that in Fig. 1, which 
guarantees that the Mn 3d density of states deduced from 
RPES is valid to discuss the electronic structure. 

To obtain more information about the electronic struc- 
ture around Ep, we have measured ARPES spectra along 
the T - A - X line for both Ini_ x Mn x As and InAs. As 
shown in Fig. 3, by changing the photon enewry in the 
normal emission set up from the (001) surfaceE3, the en- 
ergy band dispersions along the r — A — X line were 
observed. According to the direct-transition model for 
ARPES with an appropriate inner potential (10 eV)E-H, 
the r point is measured at hv^lO eV and the X point 
is measured at hv~32 eV. The peaks in Fig. 3 (a) cor- 
respond to the Ai band (split-off band) and A3 + A4 
band (heavy- and light-hole bands, respectively) along 
the r — A — X line. The clear dispersion curves are al- 
most the same as those for GaAs and InAs. Due to the 
Mn 3p-3d resonant effect, the line shape changes dras- 
tically around hv — 50 eV, almost in the same way as 
in the RPES result. Comparison of the spectra near Ep 
between Ini-^Mn^As and InAs shown in Fig. 3(b) re- 
veals no clear differences in spite of Mn doping. This is 
quite different from the case of Gai-^Mn^As and GaAs, 
where impurity-band-like new states were found to form 
near the valence-band maximum (VBM) by Mn doping 
as shown in Fig. 3(c). Although Mn doping in GaAs in- 
duces split-off states above the VBM through hybridiza- 
tion with As Ap and forms the impurity band- like states, 
Mn in InAs does not induce such states, probably be- 
cause of the weaker hybridization strength (pda) than in 
GaAs. In fact, in the dilute limit of Mn in InAs (Mn: 
8xl0 16 cm -3 ), Mn doping leads to the formation of an 
acceptor level o£-Brimarily As Ap character at 30 meV 
above the VBM,li3 which_is much smaller than that for 
Mn in GaAs (100 meV).Ej 

Now we discuss the origin of the differences be- 
tween the electronic structure of Ini-^Mn^As and 
Gai-a-Mn^As. Comparing Mn 3d spectral features in 
Ini-zMn^As and Gai^^Mn^As, we find that the main 
peak in Ini-^Mn^As has a lower binding energy com- 
pared to that in Gai_ x Mn x As, suggesting a lower A in 
Ini-^Mn^As. There are two possible reasons for the de- 
crease of the hybridization strength (pda) in Ini-^Mn^As 
compared to that in Gai_ x Mn x As. One is the dif- 
ferences in the Mn-As distance in these two systems. 
Extended x-ray-absorption fine-structure (EXAFS) mea- 
surements were performed and the Mn-As [distance was 
reported to be 2.44 A lor Gai_ x Mn x AsE3 and 2.54- 
2.58 A for Ini_ x Mn x As.E£l The longer Mn-As distance 
in Ini_ x Mn x As would lead to a decrease in the p-d hy- 
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bridization strength. Second, because of the smaller band 
gap in InAs (0.4 eV) than that in GaAs (1.5 eV), the In 
5s states in the unoccupied part is more strongly mixed 
with the As 4p states in the valence band than in the case 
of Ga 4s states in GaAs. Through the mixing with the In 
5s states, the As 4p weight in the valence band is reduced 
and hence the hybridization between the valence band 
and the Mn 3c? state would decrease. Due to the weaker 
hybridization between the host valence band and Mn 3c?, 
the acceptor levels in Ini-^Mn^As are not so strongly 
split off from the valence band maximum (VBM) and 
the Mn ions become difficult to bind holes. The bound 
hole picture (Mn 2+ + bound hole) is therefore less ap- 
propriate for Ini^Mn^As than for Gai-^Mn^As, and 
holes in Ini-^Mn^As behave as free carriers. This would 
naturally explain the difference in ±he optical properties 
of Ini-^Mn-rAs and Gai^^Mn^AsBEl 

The formation of the impurity-band-like states around 
Ep would be important for the magneto-transport prop- 
erties of the Mn doped DMS. According to the electron 
paramagnetic resonance (EPR) measurements, the Mn 
3d signals of Gai-^Mn^Aa^ showed that the Mn impu- 
rities in this system were predominantly in the ionized 
state (Mn 2+ , A~). Similar picture was also obtained 
for n-type Ini-aMnzAsEa in which incorporated Mn in 
ionized by the excess donors. From the view point of 
photoemission spectroscopy, the Mn 3c? spectrum in Fig. 
1 is analyzed using of the cluster model with the Mn 2+ 
ground state as in the case of Gai-^Mn^As. These re- 
sults support that the Mn 3c? electronic configuration is 
similar between Gai^^Mn^As and Ini-^Mn^As. How- 
ever, it is difficult to distinguish between the Mn 2+ states 
with a weakly bound hole and with a free hole. In both 
Ini_ x Mn x As and Gai_ x Mn x As, the itinerant holes ob- 
viously mediate the ferromagnetic order The ferromag- 
netism in the double-perovskite compound Sr 2 FeMoOe is 
also considered to be caused by the same mechanism as 
the Mn-doped DMS in the sense that the O 2p doped hole 
mediates the ferromagnetism through-,the gain in kinetic 
energy in the ferromagnetic stateE^rES The peculiar fea- 
ture in Gai^^Mn^As is that impurity-band-like states are 
split off from the VBM, suggesting virtually bound holes 
rather than simple free carriers of Ini-^Mn^As. The for- 
mation of these states may help to increase the T c of 
Gai-^Mn^As compared to Ini^Mn^As but more stud- 
ies are necessary to clarify the mechanism for this. 

In conclusion, we have investigated the electronic 
structure of Ini-^Mn^As using ARPES and RPES and 
compared it with Gai-^Mn^As. Although the Mn 
3c? states are in the Mn 2+ configuration in both sys- 
tems, impurity-band-like states are not observed in 
Ini_ a Mn a As unlike Gai-^Mn^As. We attribute this 
to the weaker hybridization in Ini_ x Mn x As than in 
Gai_ x Mn x As, that is not sufficient to split off states from 
the VBM to form the impurity-band-like states. 
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TABLE I. Electronic structure parameters A, U and (pda) 
and the exchange coupling constant N/3 for substitutional Mn 
impurities in In As and GaAs in units of eV. Error bars from 
the lineshape analyses are ±0.5 eV for A, U and Nj3, and 
±0.1 eV for {pda). 

Material A U (pda) N/3 

Gai-zMn^As L5 3H O L0 ReT§ 



Im-^Mn^As 1.0 3.5 0.8 0.7 this work 



FIG. 1. A series of photoemission spectra of Ino.9Mno.1As 
at various photon energies in the Mn 3p - 3d core excitation 
threshold. The difference spectra between the on-resonant 
(hv=50 eV) and off-resonant (48 eV) spectra, which is a mea- 
sure of the Mn 3d partial density of states, is shown at the 
bottom and is compared with configuration interaction cluster 
calculation results assuming the Mn 2+ ground state configu- 
ration. Similar comparison is shown for Gai-^Mn^As (Ref. 
6). 

FIG. 2. Angle-integrated photoe- 

mission spectra of Ino.9Mno.1As and InAs at hv = 70 eV, 
where the Mn 3d cross section is large compared with As 4p, 
and their difference spectrum representing the Mn 3d partial 
density of states. 

FIG. 3. Angle-resolved photoemission spectra of 
Ini-^Mn^As along the r — A — X direction, (a) Wide-range 
spectra. Vertical bars show peak or shoulder positions, (b) 
Narrow-range spectra near the Fermi level for Ino.9Mno.1As 
(solid curves) and InAs (dashed curves), (c) Corresponding 
spectra for Gai-iMn x As and GaAs taken from Ref. 7. 
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